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Cyclophanes are macromolecules that are known to effectively bind with molecules to
form host-guest complexes. Several cyclophane molecules, referred to as corrals (1-6) by their
founders, have been synthesized.

The characterization of these compounds and their

complexes has been investigated using combined spectroscopic and theoretical methods. Hostguest interactions of cyclophane-anthracene (C-A), cyclophane-9-fluorenone (C-F) and
cyclophane-pyrene (C-P) complex systems in dichloromethane are presented in this thesis. The
stability constants, log Ka, for the C-A, C-F and C-P complexes are determined using
absorption and fluorescence spectroscopy. Heats of formation of corral 2 complexes were
determined by measuring the complex association constants at 25, 29 and 32 °C. Results reveal
that binding of the non-polar guests by the cyclophane molecules are thermodynamically
favored over binding with polar guest. Computational studies indicate difference in energy due
to solvent effect of the complexes in the condensed phase. Excited state lifetimes of these
systems are also determined, and they support fluorescence as a path of relaxing back to the
ground state.

I.

INTRODUCTION

A. General Host-Guest Background
The area of research known as host-guest chemistry or molecular recognition has
its roots dating back to the late 1930's. The accommodation of one molecule within the
cavity of another molecule results in the formation of a host-guest complex. The host
molecule with its cavity is that which encompasses the inclusion molecule known as the
guest.
According to literature,1"3 Freudenberg and co-workers were the first to report the
inclusion of a guest molecule within the intramolecular cavity of a host molecule. They
proposed t hat t he c avity w ithin a c ylodextrin r ing allowed t he f ormation o f an adduct
between iodine and natural cyclodextrins.
In the late forties and early fifties, with knowledge of the proposed phenomenon,
Cramer and his co-workers pursued this area of research and developed a model for the
complexing ability of cyclodextrins.1

These early research results initiated numerous

successful studies of natural or modified cyclodextrins as receptors and enzyme models
and steered scientists into the direction of molecular recognition.
During this time, most of the work related to host-guest chemistry and molecular
complexation was centered on natural host molecules such as cyclodextrins and other
biological molecules.4 Even though there were reports on the synthesis of cyclic
polyethers,5 there was no published evidence for the complexation of synthetic host

1

2
molecules.

It was not until 1967 when Pedersen synthesized and discovered the

complexing ability of crown ethers that the development of synthetic hosts lured
attention.4'5 Pedersen's intense research in this area won him the prestigious Nobel Prize
in 1987.
Recently, the design and synthesis of new molecules with high selectivity for
neutral guest molecules has become of great interest to various scientists. Moreover,
cyclophanes that exhibit neutral molecular binding ability are a rapidly emerging branch
of supra-molecular chemistry. These molecules are important because of their potential
for application in biological, medicinal and chemical fields. There has been an increasing
interest in using cyclophanes to separate certain neutral molecules, such as polycyclic
aromatic hydrocarbons (PAHs) from environmental systems. Hence, the development of
sensors for neutral molecules and the study of these systems are essential.
B. Cyclophane Host-Guest Chemistry
Cyclophanes are bridged aromatic molecules that can achieve molecular closure
by means of a cavity or curvature.6 They are known to bind both neutral molecules and
organic cations to form host-guest complexes. As synthetic receptors, cyclophanes are
preorganized for binding guests of appropriate dimensions.6
The stability and specificity of highly structured cyclophane complexes are
comparable with those o f b iological s ystems.7 H owever, the c omplexity of b iological
recognition processes such as enzyme-substrate complexation, protein folding, and
o

membrane aggregation, makes studies of molecular recognition of such systems best
Q 1O

1Q

tractable with experimental " and theoretical analysis " of model structures.

With

their pronounced cavities, cyclophane complexes provide suitable models for molecular

3
complexation of biological systems. As model systems, studies of cycophane complexes
provide a profound understanding of the fundamental forces involved in molecular
complexation. The broad application of molecular recognition has allowed research in
this area to develop continuously as a major focus within modern chemistry.
Bl. Cyclophane Corrals: Host Molecules
A new class of cyclophane molecules, Figure 1, has been synthesized from
bisphenol, a tc electron-rich hydrophobic unit.

These molecules are able to form

complexes with aromatic guests within a walled enclosure, hence are referred to as
"corrals" by their founders. Herein the cyclophane host molecules are referred to as
corrals in compliance with the original nomenclature.10"12
The corral molecules in this class have different cavity sizes achieved by varying
the number of methylene spacers from four to six. Stearic bulk is introduced to the
structure by addition of four to eight methylene groups to the end aromatic units (e.g., in
corral 4-6), changing the size of the cavity and its properties.
B2. Polycyclic Aromatic Hydrocarbons: Guest Molecules
Polycyclic aromatic hydrocarbons are among the most studied organic molecules
in modern chemistry. They are formed during the incomplete combustion of coal, oil,
gas and other organic substances. PAHs are ubiquitous pollutants in the environment and
23

are present in more than trace amounts in the earth's atmosphere, soil, and water.

They

are considered to be potential health hazards when present in high enough concentration.
Several PAHs are known to have mutagenic and carcinogenic properties24 or are
precursors to carcinogenic daughter compounds.25

Because of their potential health

threats, PAHs have been frequent subjects for both experimental and theoretical analysis.
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Figure 1. Cyclophane host molecules and PAH guests investigated in this research.
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Several PAHs, Figure 1, are potential guest molecules that could be encompassed
within the walls of the corral molecules. The corral molecules show binding capabilities
with neutral aromatic molecules and have high s electivity for one aromatic compound
over similar aromatic molecules. A crystal structure of the complex of corral 2 with
anthracene, demonstrating intracavity complexation in the solid phase, has been
reported10 and is represented in Figure 2.
Selective binding of a molecule by a molecular receptor to form a complex is
governed by the nature of the interacting species. Size, medium and temperature play
vital roles in the binding capabilities of supra-molecular receptors. If the cavity of the
host is too large, it results in ineffective guest binding.
C. Attractive Interactions Involved in Molecular Recognition
Attractive interactions between n systems are one of the principal non-covalent
forces governing molecular recognition.26 Primarily, van der Waals interactions such as
7i-7t stacking and edge-to-face aromatic-aromatic interaction (T stacking) are found in
these systems.

Although extensive research has revealed the importance of n-

n interaction, an understanding of the strength of these non-covalent interactions remains
unclear. Reports have shown that the most favorable confirmation of aromatic systems
are the T-stacking and parallel-displace geometries illustrated in Figure 3.26 These types
of interactions influence the geometric structure and the energy of the system.
Intra-cavity complexation between host and guest systems, with the presence of
the more favorable aromatic orientation, lowers the extent of host conformational
freedom.

Complexes of these new corral molecules have demonstrated intracavity

complexation.

Figure 2. Top (left) and side (right) view for the solid-state structure of the corral 2
anthracene complex, from X-ray data.

7

c
Figure 3. (a) Sandwich, (b) T-shaped, and (c) parallel-displaced configuration due to n-n
interaction of aromatic molecules, where R is the intermolecular displacement.

8
We have invoked theoretical analyses of our complexes, along with experimental
approaches, in an attempt to identify the most preferable confirmation and n-n interaction
involved.
D. Determination of the Association Constant for Complex Formation, Ka, from
Spectrophotometry Data
The strength with which a host molecule binds its guest molecule may be
quantified by determining the association constant, Ka, of the complex. The Ka value,
also referred to as the binding constant, is a measure of the extent of a reversible
association between two molecular species.
There have been various methods developed that utilize spectral data, variations
of either absorbance or fluorescence intensity at proper wavelengths, to obtain association
constants for complex formation.

In many instances, these methods do not present an

expression that will deal with spectral data in the overlapping regions of complexed and
uncomplexed molecules.

Bourson and co-workers27 derived an expression for these

systems, Equation [8], that can be used to evaluate the association constants with minimal
computational reliance.
The chemical equilibrium in the formation of a complex molecule can be
represented as

Cyclophane + Guest -<— Cyclophane/Guest

[1]

For a complex of 1:1 stoichiometry, the Ka for the reaction [1] can be expressed as

Ka

[cyclophane / guest]eq
[cyclophane]e [guest],eq

[2]

The absorbance and fluorescence intensities were measured in the wavelength
region of interest.

The concentration of the guest molecule is held constant as the

concentration of the host molecule is varied. The intensity (I0) of the substance held
constant (Guest) is proportional to its concentration (C0)
Io

= aC0

[3]

After complexing with a variable concentration (Cx) of the host, the absorbance
and fluorescence intensities (I) of the complex becomes
I = aC0 + bCx

[4]

In addition to this relation,
Co

Co "t" C0CX

[5]

Cx = Cx + C0CX

[6]

and

When there is an excess of host molecules, the guest molecule is fully complexed and the
absorbance and fluorescence intensities of the complex reach limiting values Iijm.
Ilim = bC 0

[7]

From these equations, [2-7], the following relation was derived27 assuming 1:1
stoicheometry.
I =h + ^ [ C

0

+1 IKa-[(C0+Cx

+1 /Ka)2 -4C0CX]1'2]

[8]

Ka can be determined by plotting the absorbance or fluorescence intensity of the
complex, I, at a selected wavelength versus the concentration of the host, Cx. A fit of
spectrophotometric data to equation [8] using Origin 7.0 software results in the
calculation of Ka.
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E. Molecular Modeling and Computational Methods
Computational methods are used as a basis for the comparison of theoretical
91
outputs with the experimental energies and structural data.

Computer simulation has

been widely
used as a tool that is quite capable of solving chemical and biochemical
o
problems. Computational methods provide a clear depiction of the structural, energetic,
and dynamic character of intermolecular bonds observed in supra-molecular systems. It
allows a better understanding of the mechanisms involved in these systems and
evaluation if certain processes will occur.
When using computational methods to study a molecule, one of the first
calculations performed is often geometric optimization or minimization.

Geometric

optimizations usually attempt to locate the global minimum on the potential energy
90

surface (PES).

•

As a result, the equilibrium structures of molecular systems are obtained

from the PES.
A typical potential energy surface represented by Figure 4 is a mathematical
relationship linking the molecular structure and resultant energy of a system. It specifies
-JQ
the way the energy of a system varies with structural changes within a molecule.
Structural changes occur as a result of bending, twisting, rotation, or vibration within the
molecule. T he c hanges i n t he s tructure a nd t he e nergy are s pecified b y a P ES. T wo
points of interest on the PES are the global minimum and the local minimum. The global
minimum is the lowest point on the PES, which represents the lowest energy of a system.
On the other hand, the local minimum corresponds to the lowest point in some limited
region on the PES. There are different local minima with any particular system.

Figure 4. Diagram of a typical potential energy surface of a molecule.
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Geometric optimization alone presents one of the possible geometric confirmations of the
system. This confirmation usually corresponds to one of the local minima. In order to
obtain the global minimum of a system, one must perform both geometric optimization
and frequency optimization. Only when there are zero imaginary frequencies from the
output files can one conclude that the global minimum is obtained.
F. Objective of the Study
Combined spectroscopic and theoretical approaches have b een p erformed in an
attempt to investigate the properties of a new family of cyclophanes (corrals) and their
complexes with PAHs. Our research focuses primarily on the absorption, emission and
excited state lifetime studies of the condensed phase of these systems.

Theoretical

analysis is performed in the gaseous phase due to technological constraints. Comparison
between experimental results and theoretical analyses are used to evaluate the
intermolecular forces and geometry of these supramolecular systems. The effects of the
size and polarity of the interacting species can be monitored by studying the complexes
of c orrals 1 -6 w ith d ifferent P AHs. S tudies o f corral c omplexes w ill p rovide a b etter
understanding of the fundamental forces involved in molecular complexation.

These

systems provide model structures for vital forces involved in molecular complexation of
biological systems. Thus, this area of research is a critical and essential one.
There has been an increasing interest in using cyclophanes to separate certain
neutral molecules, such as polycyclic aromatic hydrocarbons from environmental
systems. These corrals are known to form complexes with neutral molecules in the solid
phase.

In this research we have investigated complexation of these systems in the

condensed phase and the results are presented in this thesis.

II.

EXPERIMENTAL

A. Materials
The following chemicals were purchased from Aldrich Chemical Company and
used as received:
1.

Dichloromethane 99.6% Spectrophotometry Grade - Dichloromethane

(CH2CI2) has a formula weight of 84.93 amu and a density of 1.32 g/mL. The boiling
point of dichloromethane ranges between 39-40 °C and its melting point is -97 °C. The
cutoff wavelength in UV-visible spectroscopy is -235 nm. It is polar solvent with a
dipole moment of 1.57 D and has a dielectric constant of 9.1 at 20 °C.
2.

Anthracene 99% - Anthracene (C14H10) has a formula weight of 178.23

amu and a density of 1.25 g/mL. It has a boiling point of 340 °C and a melting point in
the range of 215-219 °C. Anthracene is a non-polar molecule and has a white to yellow
crystalline flakes appearance.
3.

9-Fluorenone - 9-Fluorenone (CuHgO) has a formula weight of 180.20

amu and a density of 0.90 g/mL. Its boiling point is 342 °C with a melting point between
81-85 °C. It has a dipole moment of 3.35 D.30 9-Fluorenone appears as light yellow
crystalline powder.
4.

Pyrene 99% - Pyrene (C16H10) has a formula weight of 202.25 amu. It has

a boiling point of 393 °C and a melting point in the range of 148-151 °C. Pyrene is a
non- polar molecule and has a pale yellow to colorless solid appearance.
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The following compounds were synthesized by the reported method10, obtained
from Dr. R. Bartsch at Texas Tech University, and used as received:
i.

Compound 1/Corral 1 (CI)

ii.

Compound 2/Corral 2 (C2)

iii.

Compound 3/Corral 3 (C3)

iv.

Compound 4/Corral 4 (C4)

v.

Compound 5/Corral 5 (C5)

vi.

Compound 6/Corral 6 (C6)

B. Methods and Instrumentation
Bl. IRSpectroscopy
A Perkin Elmer Spectrum One FT-IR was used to collect IR spectra of solid
corral 2, anthracene, and C2-A complex. The crystals of C2-A complex were obtained
from Dr. Bartch at Texas Tech University. Figure 2 shows a diagram of the complex.
The KBr pellet method was used for sample containment. Figure 6 shows the spectra for
solid corral 2, anthracene and C2-A complex.
B2. Absorption Measurements
Several stock solutions of corral 1-6, anthracene, 9-fluorenone were prepared by
weighing a known quantity of the sample compound into a 100-mL volumetric flask and
filling to the mark with CH2CI2. The concentration of the stock solutions ranged from
l.OxlO"3 to l.OxlO"5 M for corral 2, from 2.5xl0"4 to 4.0x10"5 M for anthracene and 9fluorenone.

The absorbance of the prepared stock solutions was measured using a

Shimadzu UV-2101 PC UV-Vis spectrophotometer. Beer's law was used to determine
the molar extinction coefficients (s) of the compounds in CH2CI2.

15
In a series of 10 mL volumetric flasks, 5 mL of 5.0x10"5 M anthracene were
combined in a 1:1 volume ratio with the stock solutions of corral 2. In a similar manner,
5 mL of 5.0x10"5 M of 9-fluorenone solution were combined with the stock solutions of
corral 2. The mixtures were placed in an ultasonicator for 2 minutes to optimize mixing.
The absorption spectrum of e ach mixture was c ollected a few minutes a fter mixing at
temperatures of 25, 29, and 32 °C.

The variation of anthracene and 9-fluorenone

absorption intensities was determined as a function of the concentration o f corral 2 in
CH2CI2 at each temperature. The absorption spectra of these systems at 25, 29 and 32 °C
were used for thermodynamic studies.
High and low purity corral 2-anthracene crystal complex provided were dissolved
in CH2CI2. Absorption spectra were obtained and used for comparison purpose with
complexes prepared by a 1:1 ratio corral 2-guest method.
B3. Emission Measurements
Solutions of anthracene, 9-fluorenone, corral 1 and corral 2 were taken from the
initial stock solutions prepared for the absorption measurements and used for
fluorescence measurements.

A set of pyrene stock solutions was prepared for

fluorescence measurements. 5.0xl0"5 M anthracene, 9-fluorenone and pyrene solutions
were combined in a 1:1 ratio by volume with stock solutions of corral 2 in a similar
fashion to that for the absorption measurements. All solutions were equilibrated in a
water bath at 25 °C. Attempts to deoxygenate the samples were deemed unwise due to
the high volatility of CH2CI2 at room temperature.

The fluorescence spectra of the

individual chromophores, as well as the complexes, were measured using a Shimadzu
RF-5301 PC spectrofluorometer. The variation of fluorescence intensity of anthracene
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and 9-fluorenone and pyrene were monitored as a function of concentration of the corral
molecules.
B4. Excited State Lifetime Measurements
Excited state lifetime measurements of 1.0 x 10~5 M naphthalene and benzene in
hexane, along with 9-fluorenone and corral 2 in CH2CI2, were obtained at their
wavelengths of maximum emission.

Complexes C2-A and C2-F in CH2CI2 were

prepared by in 1:1 concentration ratio. Lifetime measurements were obtained at the
emission maximum for each system. Samples in 1-cm quartz cuvettes were bubbled with
nitrogen for a few minutes just prior to acquiring the fluorescence decay signal to
eliminate the presence of oxygen, which is known to quench the emission of
fluorophores.31 Fourth harmonic generation (266 nm) of a pulsed Nd3+:YAG laser with
pulses of 5-ns duration was used as the excitation source for the excited state lifetime
measurements.

A monochromator was used to select the emission wavelength; a

Hammamatsu R928 photomultiplier tube and a 400 MHz oscilloscope were utilized to
acquire the excited state lifetime data. Figure 5 illustrates an experimental set-up for the
excited state lifetime measurements.

Florescence decay curves were fit to a single

exponential decay function using the Origin 7.0 software package.
B5. Computational Methods
Semi-empirical optimization with a MM2 force field of all the structures
presented in Figure 1; CI and C2 complexes with anthracene, 9-flourenone and pyrene
were performed using CS Chem3D Ultra software package. The sizes dimension of the
guest molecules and the cavity sizes of the host molecules were obtained from the
optimized structures.
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After optimization in Chem3D, the minimized structures of CI, C2 and their
complexes w ere t ransferred t o G aussian W 03 for further o ptimization. T he s tructures
were optimized at the density functional theory (DFT) level with the Becke-style 3Parameter, Lee-Yang-Parr (B3LYP) correlation functional with STO-3G basis set. The
minimized energies of the optimized systems were recorded.

photodioae trigger

\ I

lens
" U V filter

Mon

[nator
PMT and Power
Supply

Figure 5. Excited state lifetime measurement experimental set-up.

III.

RESULTS AND DISCUSSION

A. Infra Red Spectroscopy
Purified crystals of the complex of C2-A were obtained from Dr. Bartsch's
research group at Texas Tech University. The IR spectra of the solid complex along with
solid anthracene and C2 were obtained to compare the spectra of the individual units to
the complex. This helps determine the formation of a complex. Figure 6 shows the
spectra of the three chemical species.
The spectra display a change in the sp2 and sp3 C-H shifts as a result of
complexation.

Also in the complex, there is the disappearance of overtones that are

distinctive of aromatic molecules. These overtones are clearly seen in the spectra for C2
and anthracene. A possible explanation for the disappearance is due to the disruption of
the n aromaticity as a result of the inclusion of anthracene within the cavity of C2. The
fingerprint r egion c learly shows d ifferent features. T he fingerprint r egion i s m olecule
specific and therefore further supports the formation of a complex.
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Figure 6. Solid IR spectra of corral 2, anthracene and corral 2-anthracene complex at
room temperature. (KBr-pellets)
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B. Absorption Spectrophotometry
Most molecules at room temperature are in their ground, or lowest, electronic
state.

When a molecule is in its ground state, electrons are located in the bonding

molecular orbitals. The molecule is said to be in its singlet state if all of the electrons
have opposite spin. When a molecule absorbs a photon of energy, electrons are propelled
to an excited electronic state. This electronic transition can either be a singlet-singlet or
singlet-triplet transition.

However, the singlet-triplet transition is weak because it is

forbidden by spin selection rules.32 In a singlet-singlet transition, an electronic transition
from a bonding MO to an antibonding MO occurs with the electron spin retained.33 The
absorption spectra produced by these electronic transitions occur as broad bands.

A

Jablonski Diagram, represented in Figure 7, illustrates the excitation process due to the
absorption of energy. The process of molecular absorption is useful in studying supramolecular assemblies.
High and low purity C2-A crystal complexes were dissolved in CH2CI2.
Absorption spectra were obtained and compared with the spectra of C2, (Figure 8). It
was compared to the solution complexes prepared by a 1:1 ratio method of corral
molecules and anthracene.
Absorption measurements of the host molecules, corrals 1-6, and the guest
molecules anthracene and 9-fluorenone in dichloromethane were made in order to
determine the molar absorptivities (s) using Beer's law. Figure 9 presents the absorption
data for C2 obtained and Figure 10 illustrates the Beer's law plot generated from the
absorption data. Likewise, Figures 11 and 12 show the absorption of anthracene and the
Beer's plot, respectively.
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Figure 9. Absorption spectra of corral 2 in dichloromethane (CH2CI2) at room
temperature.
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The molar absorptivity (s) values of the different chromophores at maximum
wavelengths are summarized in Table 1.
Absorption measurements were also taken for the CI-A, Cl-F, C2-A, and C2-F
systems after complexation.

There were no new spectral features or spectral shifts

observed as a result of complexation. The spectra revealed only combination bands that
are due to each moiety. Figure 13 illustrates this observation and provides a comparison
of the absorption spectra of each unit and the complex of C2-A.
Since the concentration of the PAH guest molecules were held constant for each
experiment, changes in the absorbance spectrum of the complexes were monitored as a
function of the concentration of the corral molecules in the region where only the guests
absorb. For these systems, results indicate that there is a direct relationship between the
absorbance of the complex molecules and the concentration of the host molecules.
Figures 15 and 16 show the spectra for the complexes C2-A and C2-F, respectively.
These absorption measurements were used to determine the K a of the complexes by
fitting t he d ata t o equation [ 8]. T he w avelengths w ere chosen from r egions w here t he
variations as a function of concentration were the largest.

K a values were also

determined from absorption measurements at different temperatures for the Van't Hoff
plot.

Figures 17 through 20 show the fits for the different complexes at different

temperatures and wavelengths. The Van't Hoff plot shown in Figure 21 was used for
thermodynamic analysis of the complexes. The slope (-AH°/R) and y-intercept (AS°/R)
values were used to calculate the enthalpy and entropy, respectively. The Gibbs free
energy of the systems was also calculated.

26
Spectral parameters and thermodynamic properties for these complexes are
reported in Table 2. Association constants, log Ka = 4.2 + 0.2 and 3.6 + 0.2 were
calculated for C2-A and C2-F, respectively, using absorption measurements. The latter
reveals that C2 favors complexation with anthracene over fluorenone. Thermodynamic
properties reveal that the combination of two nonpolar substances in a polar medium
results in a gain in the overall entropy of the system, favoring guest binding. The dipole
moment of 9-fluorenone is 3.35 D30 and anthracene is nonpolar. The cohesive effect and
van der Waal interactions are favored upon complexation. For the interaction between
C2-A, entropic and enthalpic gain is associated with a three-dimensional encapsulation of
the guest by the host.34 For the C2-F complex, if the solvent is an effective competitor
for both the guest and the host cavity, then the binding constant is expected to be lower.
Moreover, the diameter of 9-fluorenone is smaller than anthracene, which may contribute
to the weaker intermolecular interactions. Distances were measured using 3D-Ultra and
are recorded in Table 3 with corresponding dimensions shown in Figure 22.

Table 1. Molar Absorptivities of Corrals 1,2,5, and 6, Anthracene and 9-Fluorenone
CH2C12 at 25 °C.

Substance

Corral 1

Corral 2

Corral 5

Corral 6

Anthracene

9-fluorenone

Wavelength Maximum

Molar Absorbtivity

(nm)

(M'W)

277

8800

284

7100

278

8400

285

6800

268

4100

278

3500

277

5600

286

3300

325

2800

358

7500

294

4000
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Wavelength (nm)
Figure 13. Comparison of absorption spectra of corral 2, PAH molecules and corral 2anthracene complex in CH2CI2 at 25 °C.

Wavelength (nm)

Figure 14. Absorption spectrum of pyrene in CH2CI2 at 25 °C.
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Wavelength, nm
Figure 15. Titration experiment showing changes in the absorption spectrum of
(a) anthracene (2.5x10"5 M) upon addition of corral 2: (b) 5x10"6 M, (c) 2.5X10"5 M, (d)
5x10"5 M, (e) 2.5X10"4 M and (f) 5x10"4 M in CH2C12 at 25 °C.

Wavelength (nm)

Figure 16. Titration experiment showing changes in the absorption spectrum of
(a) Fluorenone (2.5X10"5 M) upon addition of corral 2: (b) 2.5X10"5 M, (c) 5xl0" 5 M, (d)
2x10"4 M and (e) 4x10^ M in CH2C12 at 25 °C.
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Figure 17. Fit of absorption spectroscopic data for the corral 2-anthracene system in
CH2CI2 at 25 °C and 325 nm.
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Figure 18. Fit of absorption spectroscopic data for the corral 2-fluorenone system in
CH2CI2 at 25 °C and 309 nm.
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Figure 19. Fit of absorption spectroscopic data for the corral 2-fluorenone system in
CH2C12 at 29 °C and 309 nm.
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Figure 21. Van't Hoff plot for the corral 2-fluorenone system in CH2C12. Association
constant parameters were acquired at 309 nm.
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Table 2. Absorption and Fluorescence Spectral Parameters for Corral 2 and Corral 1
Complex Systems in CH2C12 at 25°C
System
C2-A

C2-F

Cl-A
Cl-F
Cl-P
a

^•abs max
nm
325

a
}
"•cm,
max
nm

10gKa

382
403
427

4.2
4.2
4.2
4.2

505

3.6 ±0.2
3.3 ± 0.2

403
502
392

4.8 ±0.2
4.69 ± 0.02
4.93 ± 0.03

309

±0.1
±0.2
±0.1
±0.2

AGob
kJ/mol
-24.4

AH°
kJ/mol
7.88

AS°
J/mol.K
108

-20.9

-90.8

-235

Excitation wavelengths for the C-A, C-F, and C-P systems were 278 nm.
Calculated from AG0 = -RT In Ka.
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Table 3. Size Dimensions for Host Cavity and Guest Molecules Obtained from Chem 3D
Software Package.
Molecule

Molecular Dimension

Molecular Size (A)

Anthracene

H16-H21
H19-H24

9.6
5.0

9-Fluorenone

H16-H21
H18-014

9.0
7.3

Pyrene

H18-H23
H21-H26

9.2
7.3

Corral 1

H69-H95
H65-H88
H113-H122
H64-H89

13.0
7.0
4.9
10.7

Corral 2

H71-H97
H67-H90
H117-H126
H66-H91

14.0
6.9
10.2
10.6
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C. Fluorescence Emission Studies
The excited state of a molecule is achieved through the absorption of energy. A
molecule in its excited state is high in energy and requires electronic deactivation to
obtain its lowest energy.

Molecules accomplish this deactivation through several

processes depicted by the Jablonski diagram shown in Figure 7. If a molecule returns to
its ground state through the emission of a photon of radiative energy and there is no
change in the multiplicity, then the emission process is referred to as fluorescence. On
the other hand, if a molecule returns to its ground state through the emission of a photon
of radiative energy and there is a change in the multiplicity, then the emission process is
termed phosphorescence. A molecule can also be deactivated nonradiatively with the
release of energy as heat.
by the molecule.

The energy of emissive relaxation is lower than that absorbed

As a result, the emission spectrum is displaced towards longer

wavelengths. The difference between these two wavelengths is known as the stokes shift
(Au), which corresponds to the amount of energy dissipated as a result of vibrational
relaxation. The emission spectrum is usually a mirror image of the absorption spectrum
if the ground and excited state geometries of the molecules are similar. The reason for
latter is that the electronic excitation typically does not change the nuclear geometry.
Figure 23 shows emission spectra of C2 only in CH2CI2. The molecule was excited at
278 nm. The intensity at 304 nm is due to the emission (Si —* So) of C2. The emission at
600 nm, which is also from C2, has not yet been assigned. As a result of the emission at
600 nm, the absorption and emission spectra are not exactly mirror images of each other.
The possibility of excimer formation is eliminated by the fact that the transition at 600
nm grows with increasing concentration of the monomer (as expected), but the monomer
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transition at 304 nm also increases (unexpected). When an excimer is formed, if the
excitation intensity of the eximer increases as a result of increased concentration, then the
emission intensity of the excited monomer will decrease. It is observed that the intensity
at both wavelengths increased with increased concentration.
Emission spectra for the C2-A, C2-F, CI-A, Cl-F, Cl-P, complexes (Figures 24, 28,
29, 31 and 33, respectively) reveal a decrease in fluorescence intensity of the guest
molecule in the presence of the corral molecule. The signal for the C/A complexes at
370-470 nm has vibrational structure that is a mirror image of its absorption spectrum,
which indicates the ground and excited state potential energy surfaces are similar. On the
other hand, the fluorescence spectrum due to the C-F complexes at 440-570 nm is
structureless. T he 1 atter suggests that the p otential energy surfaces o f the ground and
excited states are different in the C-F systems.

Moreover, the corral molecules are

effective quenchers of the complexes' emission intensity.
Also, in certain situations where two species exist in equilibrium, their bands may
overlap. This point is called the isosbestic point for absorbance data and isostilbic for
emission data. There is no apparent isosbestic point in the absorption spectra of the
different complexes.

However, that was not the case in the emission spectra.

The

isostilbic point was seen in corral complexes with both anthracene and 9-fluorenone.
Fitting of the emission data of the complexes at selected wavelengths to equation [8]
yields Ka for the different complexes. These are recorded in Table 2. The association
constants determined from the emission data are in agreement with those obtained from
the absorption data. The Ka derived from these spectra provide support for the favorable
binding of neutral, nonpolar aromatic guests such as anthracene and pyrene over 9-
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fluorenone, by the host corrals. Furthermore, corral 1 with a smaller cavity size than C2
appears to bind stronger with the investigated guest molecules due to proximity.
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Figure 23. Fluorescence spectra of corral 2 in CH2C12 at concentrations of (a) 2.5x10"6
M, (b) 5x10"6 M to (i) 4.5x10"5 M. The incremental interval for [corral 2] is 5X10"6 M
between 5x10"6 M and 4.5x10"5 M. Excitation wavelength is 278 nm.
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Figure 24. Effect of increasing concentration of corral 2 on the fluorescence spectrum of
anthracene in CH2CI2. (a) 2.5x10° M anthracene and fixed in all solutions and [corral 2]
is varied: (b) 2.5x10"6 M, (c) 5x10"6 M to (k) 4.5x10"5 M. Incremental interval of [corral
2] is 5x10"6 M between 5X10"6 M and 4.5X10"5 M. Excitation wavelength is 278 nm. The
asterisks indicates the isostilbic point.

—1
0.0000

1

1
0.0001

•

1
0.0002

•

1

<

0.0003

1
0.0004

<

1
0.0005

Concentration of Corral 2 (M)

Figure 25. Fluorescence spectral data for corral 2-anthracene complex in CH2CI2 at 382
nm and fitted to equation 8. Emission intensities obtained from Figure 24.
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Figure 26. Fluorescence spectral data for corral 2-anthracene complex in CH2CI2 at 403
nm and fitted to equation 8. Emission intensities obtained from Figure 24.
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Figure 27. Fluorescence spectral data for corral 2-anthracene complex in CH2C12 at 427
nm and fitted to equation 8. Emission intensities obtained from Figure 24.
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Wavelength, nm
Figure 28. Effect of increasing concentration of corral 2 on the fluorescence spectrum of
9-fluorenone in CH2C12. (a)2.5xlO"5M 9-fluorenone, (b) 5x10'5 M to (k) 5X10"4 M.
The incremental interval of [corral 2] is 5x10"5 M. Excitation wavelength is 278 nm. The
asterisks (*) denotes scattered light from the quartz cuvette.
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Figure 29. Effect of increasing concentration of corral 1 on the fluorescence spectrum of
anthracene in CH2CI2. (a) 2.5x10"5 M anthracene and fixed in all solutions and [corral 1]
is varied: (b) 5X10"6 M, (c) lXlO"5 M to (g) 5xlO"5 M. The incremental interval of [corral
1] is lxlO"5 M. Excitation wavelength is 278 nm. The asterisks indicates the isostilbic
point.
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Figure 30. Fluorescence spectral data for corral 1-anthracene complex in CH2CI2 at 403
nm and fitted to equation 8. Emission intensities obtained from Figure 29.
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Wavelength (nm)

Figure 31. Effect of increasing concentration of corral 1 on the fluorescence spectrum of
9-fluorenone in CH2C12. (a) 2.5X10"5 M 9-fluorenone, (b) lXlO"5 M to (g) 6xl0"5 M. The
incremental interval of [corral 1] is 1x10 5 M. Excitation wavelength is 278 nm. The
asterisks (*) denotes scattered light from the quartz cuvette.

Figure 32. Fluorescence spectral data for corral 1-fluorenone complex in CH2C12 at 502
nm and fitted to equation 8. Emission intensities obtained from Figure 31.
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Wavelength (nm)

Figure 33. Effect of increasing concentration of corral 1 on the fluorescence spectrum of
9-fluorenone in CH2C12. (a) 2.5x10"5 M 9-fluorenone, (b) 5X10"6 M, (c) lXlO"5 M to (g)
5x10"5 M. The incremental interval of [corral 1] is lXlO"5 M. Excitation wavelength is
278 nm.
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Figure 34. Fluorescence spectral data for corral 1-pyrene complex in CH2C12 at 392 nm
and fitted to equation 8. Emission intensities obtained from Figure 33.
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D. Excited State Lifetime Studies
Lifetime measurements

of naphthalene, benzene and 9-fluorenone were

performed and compared to literature values. Results indicate that the experimental error
was 4 percent of the literature value. Consequently the measured lifetime values of the
corral complexes obtained are believed to be accurate to within 4 percent. The lifetime
parameters and measurements of each system are recorded in Table 4.
Figure 35 illustrates the fluorescence decay measurement of fluorenone and 1:1
ratio of C2-A complex in CH2CI2. The lifetime data is fit to equation [9], a first order
exponential decay function.
I/Io

= e"t/T

[9]

According to the exponential decay curve, the fluorescence intensity gradually decays to
the ground state as a function of time. I is the fluorescence intensity of the species at time
t, which is the time after absorption, I0 is the fluorescence intensity of the specie at time =
0, and x is the lifetime measurement of the species, or the time when the fraction of the
populated species is decreased by a factor of 1/e (37%).
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Figures 35. Fluorescence decay measurements of: (A) 1 X 10"5 M fluorenone in CH2C12
and (B) 2.5 X 10"5 M (1:1) Corral 2-Anthracene in CH2C12. Symbols represent
experimental data and the curve is generated with Origin 7.0 software package using the
first order exponential decay fit function.
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Table 4. Excited state lifetime parameters of deoxygenated systems in solution3 at 25 °C
System
Naphthalene36
Benzene36
9-Fluorenone
Corral 2 only

Concentration, M
1 x 10~5
1 x 10~5
lxlO"5
lxlO"5

Corral 2/Anthracene

2.5xl0"5 (1:1)

Corral 2/9-Fluorenone

2.5xl0" 5 (l:l)

^•emission max,

350
280
505
304
600
304*
382
403
427
600*
304*
505
600*

ns
99.0 ± 3 (106)
28.7+ 1 (26)
19.3 ±0.3 (19)37
20.7 ± 3
21.3 ± 3
39.8 ± 6
25.2± 6
24.4 ± 1
19.4+ 6
18.8 + 6
13.5 + 2
15.4+1
12.3 + 1
T,

"Solvent was CH2CI2 unless otherwise specified. Literature values in parenthesis,
naphthalene in hexane,36 benzene in hexane36 and 9-Fluorenone in acetonitrile at 514
nm.37 An asterisk (*) denotes the emission due to corral 2 in the presence of the guest
molecule.
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E. Computational Methods
Figure 22 shows the size dimensions of the corral cavities along with the PAH
molecules. Table 3 illustrates the size of the PAHs investigated as guest molecules. The
size of the PAHs were obtained in order to determine if these guest molecules would be
able to form complexes within the cavity of the corral molecules.
The complexes were minimized in Chem3D Ultra prior to optimization in
Gaussian W03. The complexes were relatively easily minimized in Chem3D. Gaussian,
which utilizes more parameters, took a much longer time, up to three weeks, without the
pre-optimization in Chem3D Ultra. With the combination of programs, optimized results
were obtained within a few days. The optimized structures for the corral complexes are
illustrated in Figures 36 through 41. The minimum energies of the corrals and their
complexes obtained summarized in Table 5.
The results gained from Gaussian are used primarily to compare the output trend
to the experimental values.

The values of the energy terms shown are approximate

values and can vary slightly based on the type of processing used to calculate them. In
addition, molecular modeling of these systems is performed with gas phase species,
whereas experiments are in the solution phase. There are certain factors such as solvation
effects and hydrogen bonding that are not taken into account when performing this
molecular modeling.
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Figure 37. Optimized structure of corral 1-fluorenone complex using Gausview and
Gaussian 03 W.
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Front view

Side view
Figure 37. Optimized structure of corral 1-fluorenone complex using Gausview and
Gaussian 03 W.
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Front view

Side view
Figure 37. Optimized structure of corral 1-fluorenonecomplex using Gausview and
Gaussian 03 W.

Side view
Figure 39. Optimized structure of corral 2-anthracene complex using Gausview and
Gaussian 03W.

Side view

Figure 40. Optimized structure of corral 2-fluorenone complex using Gausview and
Gaussian 03 W.
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Figure 37. Optimized structure of corral 1-fluorenone complex using Gausview and
Gaussian 03 W.
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Table 5. Optimized Energy of Corral Molecules and Their Complexes Using Gausview
and Gaussian 03W at 25 °C.
System

log K a

Gaussian Optimized Energy

(Liguid Phase)

(Kcal/mole) E+06
(Gas Phase)

C1

-1.53

C2

-1.58

C1-A

4.80 ± 0.2

-7.81

C1-F

4.69 ± 0.02

-7.91

C1-P

4.93 ± 0.03

-8.01

C2-A

4.28 + 0.1

-8.02

C2-F

3.34 + 0.2

-8.11

C2-P

-8.22

IV.

CONCLUSIONS

From the data generated for this research, the following conclusions were made:
A. The absorption and fluorescence emission measurements support formation of a
1:1 complex between the corral host molecules and the PAH guests. The fit to the
Bourson expression27 produced association constants for the investigated systems.
B. Spectroscopic and thermodynamic results indicate that the formation of
complexes in polar solvent (CH2CI2) between the corral molecules and non- polar
PAH molecules are favored over polar molecules.
C. The binding ability of corral 1 with anthracene, 9-fluorenone and pyrene is
stronger than its counterpart, corral 2. The smaller size of the cavity of corral 1
and the twisting limitation due to the smaller number of spacers maximizes the
host-guest interactions.
D. Optimization energies obtained do not follow the experimental trends.

This

difference shows that the global minimum of these systems is not obtained or
trends in the liquid phase are different from those in the gas phase. In order to
obtain suitable theoretic energy values for comparison with the experimental data,
more computational power will be required to compute vibrational frequencies
using ab initio methods.
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V.
A.

FUTURE WORK

Perform absorption and fluorescence measurements to determinine the
association constants for the entire family of corrals complexed with different
PAHs.

B.

Use the association constants to evaluate how the sizes and sterric hyndrance
affect the complexing ability of the different corrals.

C.

Conduct thermodynamic studies of different complexes formed in the corral
family.

D.

Obtain lifetime measurements for more of these systems with different neutral
guest molecules.

E.

Use more advanced computational methods in an attempt to obtain the global
minimum energy for these complex systems.
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VI.
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